Experimental results are presented here obtained by a drop calorimetric method, in which Ni and Cu particles, both in bulk and nanosized form, were dropped into a liquid Sn-3.8Ag-0.7Cu solder alloy (in wt%). The molar enthalpies of mixing of the liquid (Sn-3.8Ag-0.7Cu)-Ni(Cu) alloys were measured. An extra exothermic heat effect is observed when dropping nano-particles instead of macro-particles. This is partly due to the loss of the large surface area and the corresponding large surface enthalpy of the nano-particles before their dissolution in the liquid alloy. However, a large additional exothermic heat effect was also found in the case of Cu-nano-particles, due to the exchange chemical reaction between the Cu 2 O shell of the nano-particles and liquid Sn; this is caused by the fact that the Cu-nano-particles are core-shell particles with an inner metallic Cu core and an outer Cu 2 O shell. This effect is less significant for Ni nano-particles which have a thinner oxide shell.
Introduction
Nanostructured alloys represent a relatively novel class of materials compared to the conventional bulk ones, with a number of unique and promising features that have attracted an increasing number of scientists and engineers. However, there are still many open issues related to this research topic, such as the thermodynamic stability of the nanosized structures or the changes in properties during transition of the materials from the nanosized to bulk form. At present, it is possible to produce nanoparticles (NPs) controlling not only their size but also their shape (spheres, plates, rods, etc.) and internal structure (metallic, bimetallic and multicomponent metal NPs), while the main progress in studies of the characteristics of NPs is achieved only in terms of size dependent thermodynamic properties. For instance, the size-dependent changes of the melting temperature, cohesive energy, melting enthalpy and entropy were theoretically predicted and experimentally described in the literature. [1] [2] [3] At the same time, there are only few studies dealing with changes in various other properties of NPs caused by their shape or internal structure. For instance, there is a number of papers dealing with the investigation of optical properties of metallic 4, 5 and bimetallic NPs. [6] [7] [8] The extinction spectra of metal nanoparticles, such as Ag nanodisks and triangular prisms, Au multirods, as well as Au shell NPs with a pinhole (several nm) structure were investigated in ref. 9 . A bond-energy model for the calculation of the cohesive energy was developed in order to predict the size and shape dependency of various physical properties of metallic and bimetallic NPs with core/shell structure. 10 The explosive growth in the number of studies of some classes of materials is mostly related to their prospective application. For instance, in order to promote new enhanced and customer-friendly lead-free solders, nanocomposite Snbased alloys with minor additions of metal nanoparticles have been under intensive scientic examination. [11] [12] [13] Unfortunately, most of these studies refer to mechanical properties [14] [15] [16] [17] [18] while information related to thermophysical and thermodynamic properties as well as structural features, especially in the liquid state, is scarce. [19] [20] [21] However, a possible industrial use requires comprehensive data on new nanosized materials with precisely controlled properties. In particular, one needs reliable information on the thermodynamic stability of the employed metal nanoparticles in the bulk solder with respect to their possible dissolution during long time use. Therefore, new studies dealing with chemical and physical properties of metal NPs in a bulk metal matrix, depending on size, shape, composition, and structure of these NPs, are demanded. In the present study, a drop calorimetric method is used to investigate the "thermodynamic nanoeffects". A Sn-3.8Ag-0.7Cu alloy (SAC387; in wt%) was employed in the performed study as the main component since SAC387 is a commercially available solder. Many papers are dealing with nanocomposite Sn-Ag-Cu (SAC) solders, attempting to improve their properties by minor additions of metal NPs such as Co, Cu, Fe, Ni, etc. 17, 22 The nanocomposite SAC solder is reowed during the soldering process, and reactive metal NPs are dissolved in the liquid Snbased matrix. Therefore, the present research provides essential data to simulate the soldering process using nanocomposite solders with nano-sized metal additions in a proper way. The heat effects caused by the dissolution of Cu and Ni in bulk as well as in nanosized form were determined and the excess surface enthalpies of the employed NPs were derived. The experimental results are theoretically described taking into account not only the size but also the internal structure of the nanoparticles, i.e. their apparent core-shell (metal core/oxide shell) structure.
Results and discussion
Calorimetric measurements. The present study was started with calorimetric measurements, adding pieces of bulk Cu into a liquid Sn-4.2Ag alloy (in at%) (Table 1) , where the molar enthalpy of mixing for the liquid Sn-4.2Ag alloy was taken from Flandorfer et al. 23 Since the concentration values in gures and tables are given in at%, the composition of the SAC387 master alloy is also converted to at%, resulting in a composition Sn-4.1Ag-1.3Cu. The measurements were performed at 1073 K and 873 K; they were compared with data calculated by a Redlich-Kister-Muggianu polynomial based on literature data by Luef et al. from ideal behavior (enthalpy of mixing is equal to zero) is more signicant at the lower temperature, in full accord with the general expectation for systems with chemical compounds.
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The experimental values for the Ag-Cu-Ni-Sn system are presented in Table 2 , and they are compared with literature data by Saeed et al., 26 obtained at 1273 K, in Fig. 2 . In order to describe the molar enthalpy of mixing for liquid quaternary alloys, it was suggested to modify the Redlich-Kister-Muggianu polynomial by adding an additional term corresponding to symmetric quaternary interactions. 26 As seen from Fig. 2 , there is a reasonably good agreement between experimental and calculated data with a maximum difference of less than 1 kJ mol À1 .
The results in Table 3 differ from those in Tables 1 and 2 by the experimental procedure: they were obtained by dropping pieces of Cu or Ni wrapped in a Sn-4.1Ag-1.3Cu foil into the liquid alloy in the calorimeter at 1073 K and 873 K. These measurements were performed to ensure that no signicant side effects would be observed when dropping NPs wrapped into such a foil into the calorimeter. As seen from Fig. 3a and b, very good agreement was obtained between experimental results with and without employing the Sn-4.1Ag-1.3Cu foil. It should also be noted that, in contrast to the ternary Ag-Cu-Sn alloys (Fig. 1) , the quaternary Ag-Cu-Ni-Sn alloys did not show any signicant temperature dependence of the molar mixing enthalpies ( Fig. 2  and 3b ). The present results of the partial enthalpy of mixing for ternary and quaternary alloys were exothermic in the investigated concentration range at both temperatures while the integral enthalpy of mixing for the ternary (Sn-4.1Ag-1.3Cu)-Cu alloys changes from positive to negative values with increasing Cu content. Furthermore, the experimental data for the ternary (Sn-4.1Ag-1.3Cu)-Cu alloys indicated a clear temperature and concentration dependence of the integral enthalpy of mixing, with a tendency to more exothermic values at lower temperatures and higher Cu contents.
The microstructure analysis of the samples aer calorimetric measurements showed that the intermetallic compounds (IMCs) Ag 3 Sn, Cu 6 Sn 5 and Ni 3 Sn 4 had been formed during the solidication of the investigated Ag-Cu-Ni-Sn samples ( Fig. 4a-d , Table 4 ). These results are in very good agreement with the quaternary Ag-Cu-Ni-Sn phase diagram. 27 According to SEM analyses of the investigated samples, a substitution of Ni and Cu atoms, respectively, was observed in the IMCs Cu 6 Sn 5 and Ni 3 Sn 4 . This effect is more pronounced for (Cu,Ni) 6 Sn 5 due to a signicantly increasing exothermic enthalpy of formation of this compound on admixture of Ni. 28 In the Sn 76 Ag 3 Cu 21 alloy, two Cu-Sn IMCs were found, namely Cu 3 Sn and Cu 6 Sn 5 . According to the Cu-Sn phase diagram, Cu 3 Sn should be formed in the investigated alloy during cooling and should decompose under equilibrium conditions into pure Sn and Cu 6 Sn 5 at 681 K. 29 However, the cooling of the sample aer the calorimetric measurement was certainly not slow enough to reach an equilibrium state, thus Cu 3 Sn grains are le as can be seen in the microstructure.
Aer the experiments with bulk Cu and Ni, the corresponding experiments with nano-particles were performed (Tables 5  and 6 ). The excess enthalpies due to the nano-effect were estimated, similarly as in ref. 19 , by comparing the measured enthalpy values obtained with bulk and nanosized particles ( Fig. 5 and 6 ).
In order to estimate values of the excess enthalpy, the concentration dependencies of the measured enthalpy for additions of Cu and Ni in bulk and nanosized form were plotted as a function of the content of the added element and extrapolated to zero. The estimated value of DH The TEM analysis together with HAADF STEM (high angle annular dark eld -scanning transmission electron Furthermore, EDX elemental mapping of Cu NPs showed an oxide shell (Cu 2 O) covering a metal core (Fig. 7(a-c) ). These data are in a good agreement with XRD analysis indicating the presence of both Cu and Cu 2 O (cubic, see ref. 30 ) in the investigated Cu nanopowder (Fig. 9a) . In the case of Ni NPs, only traces of NiO (trigonal/rhombohedral, see ref. 31 ) with very low intensity were found in the XRD pattern (Fig. 9b) ; only minor amounts of oxygen were found on the surface of the Ni NPs ( Fig. 8b and c) . The rst broad peak in the X-ray patterns is caused by the specimen holder with the polycarbonate cap. Pore size distributions of Cu and Ni NPs were measured by nitrogen sorption according to the theory of Barrett, Joyner and Halenda (BJH) (Fig. 10a and b) . The determined BET surface area of the employed NPs is equal to (10.6 AE 0. 
Theoretical considerations
The goal of this chapter is to model the observed DH ex i,nano values by applying the principles of nano-thermodynamics. [32] [33] [34] In a previous paper 19 the nano-effect was described as
where A BET (m 2 g À1 ) is the BET surface area of the nano-particles (which is assumed to be negligible for bulk material), M (g mol À1 ) is the molar mass of the nano-particles, s sg,H,T D (J m À2 ) is the enthalpy part of the surface energy of the solid nanoparticles at the drop temperature. (Note that in the present paper the sign of DH ex i,nano is kept positive contrary to the previous paper, 19 thus a negative sign appears in eqn (1); this is done for two reasons: to avoid predicting anything before the experiments are run, and to make more obvious that the nanoeffect is exothermic). The physical meaning of eqn (1) is the loss (see the negative sign) of the enthalpy part of the surface energy of the nano-particles upon dissolution per mole of metal added. The calculated and experimental results for the systems studied in this paper are compared in Table 7 .
As follows from Table 7 , the experimental values in this case are considerably more negative than the calculated ones, and this difference is especially striking for Cu nanoparticles. This is most probably due to the fact that eqn (1) is strictly valid only for pure metallic nano-particles without any oxide shell. However, as observed by the TEM and XRD investigations of the nanoparticles (see Fig. 6-8) , the Cu-nano-particles are severely contaminated by oxygen. Actually, instead of Cu-nano-particles we have core/shell nano-particles with a Cu inner core (a) and a Cu 2 O shell (b), which form together particle g. A similar oxidation problem exists also for Ni nano-particles, however, to a much smaller extent. Therefore, the previous model in eqn (1) has to be modied to take into account the role of the oxide shells on the metallic nano-particles, too.
When the experiments were performed, it was assumed that n 0 Me (mole) of pure metal was added into the calorimeter. Instead, the molar part y of these nano-particles was actually oxidized so that in fact the following amounts of matter were added:
where a denotes the added metal, and b denotes its oxide shell MeO x (where the stoichiometry is always written such that the oxide molecule contains one metallic atom, i.e., x can be any positive number). Thus, in addition to eqn (1), there are two additional terms for the enthalpy nano-effect: one is responsible for different heat capacities of a (metal) and b (oxide), while the other one is responsible for the chemical interaction between b and metal atoms in the liquid alloy (in our case these are mostly atoms of Sn), into which the nano-particles are added: where M g is the average molar mass of the partly oxidized particle as dened by eqn (5), s g,H,T D is the effective enthalpy part of the surface energy of the partly oxidized particle as dened by eqn (6) , and DH C p (J mol À1 ) is the enthalpy difference due to the different heat capacities of the oxide and the metal as dened by eqn (7) 
where M a (g mol ) is the enthalpy part of the surface energy of the metallic core, d (nm) is the thickness of the oxide shell, d y 1 nm is the coefficient in the separation dependence of interfacial energies,
) is the molar heat capacity of the oxide shell of the nano-particle, C P,a (J (mol K)
À1
) is the molar heat capacity of the metallic inner core of the nano-particle. When the oxide shell is thin, it is modelled as a shell of constant thickness following the original shape of the nano-particle. If this thickness is much smaller than the radius of the nano-particle, the BET surfacse area of the outer oxide/gas surface and the BET interfacial area of the inner metal/oxide interface are considered equal.
In order to check whether the proposed reactions are exergonic and favorable or not, the free energy change for the reactions was estimated from the The amount of matter of the oxide shell can be expressed from its geometry as:
where
) is the density of the oxide shell. The quantities expressed by eqn (3) and (8) are equal. Consequently, the thickness of the oxide shell (d) can be expressed as function of the mole fraction of the oxidized part of the nano-particle (y), as:
Let us also mention that for y ¼ 0, eqn (4) becomes identical to eqn (1), being a reasonable boundary condition. Substituting eqn (5)- (7) and (9) into eqn (4), the excess nano heat effect can be calculated as function of y for partly oxidized metallic nanoparticles.
The corresponding constants are given in Table 7 . In this paper, the selection Sn was made (for the values in the last column of Table 8 ), as Sn has the highest affinity towards oxygen and the highest mole fraction in the liquid alloy among its components (Sn, Cu, Ag). The results calculated based on Table 8 are compared with experimental data in Fig. 11 and 12 .
As follows from Fig. 11 and 12 , the experimental results can be reproduced with y ¼ 0.24 AE 0.02 for Cu-nanoparticles and with y ¼ 0.039 AE 0.004 for Ni-nanoparticles. These values are in qualitative agreement with Fig. 7-9 . Thus, our new extended model is able to describe the nano heat effect for the dissolution of partly oxidized nano-particles.
Experimental
The heat effects of small additions of Cu and Ni to the liquid SAC387 alloy were investigated by a drop calorimetric method. The measurements were carried out using a Calvettype twin microcalorimeter system under high purity Ar (99.9999%) ow (approximately 20-30 ml min À1 ). The apparatus consists of two thermopiles containing more than 200 thermocouples, a commercial wire wound resistance furnace (HTC-1000, SETARAM, Lyon, France) and a self-made automatic drop device for up to 30 drops. The SAC387 alloy was placed in a BN crucible. The time interval between individual drops was 40 min, and the acquisition interval of the heat ow was 0.5 s. The calorimeter was calibrated by ve drops of standard a-Al 2 O 3 provided by NIST (National Institute of Standards and Technology, Gaithersburg, MD) at the end of the drop series of each separate measurement. The microcalorimeter and the mechanical sampler were controlled through a self-provided soware using the graphical programming environment LabVIEW. The obtained signals from the thermocouples were recorded and evaluated using the commercial HiQ © soware. The microcalorimeter was described in detail elsewhere.
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In general, the measured enthalpy (integrated heat ow at constant pressure) for bulk materials is equal to:
where n i is the number of moles of the added element i, DH * Signal is the measured enthalpy in J mol À1 , H m denotes molar enthalpies, T D is the drop temperature, and T M is the calorimeter temperature for the respective measurement in Kelvin. The molar enthalpy difference (H m,i,T M À H m,i,T D ) was calculated using the SGTE data for pure elements.
43
However, in the case of nanosized additions one must also take into account the additional heat effect caused by the excess (surface) enthalpy of the metal nanoparticles. Thus, eqn (10) for the addition in the nanosized form can be rewritten as 19 :
where DH ex i,nano is the excess enthalpy connected with the replacement of bulk material by nano-particles in J mol À1 .
Therefore, in order to nd the heat effect caused by the additions of material in nanosized form we must know the heat effect caused by the addition of the same material in bulk form. Furthermore, due to the rather small masses of added component i, partial enthalpies can be calculated by:
The integral molar enthalpy of mixing, D Mix H, was calculated by summing the respective reaction enthalpies and dividing by the total molar amount of substance, where n j stands for the molar amount of substance which was already present in the crucible:
Prior to the measurements, the SAC387 alloy was prepared from Sn ingot (99.998% metallic purity), Ag shot (99.999% metallic purity) and Cu rods (99.9% metallic purity, all from Alfa Aesar, Karlsruhe, Germany) without further purication. The samples with a total mass between 5 and 10 g were sealed in evacuated quartz glass ampoules and kept in a muffle furnace for 2 weeks at 1173 K. The mass loss of the ingots was less than 0.1 mg.
The measurements were performed by dropping pure Ni or Cu, both in bulk and nanosized form. Ni pieces were obtained from Advent (99.99%; Oxford, UK), Ni and Cu nanopowders from IoLiTec Nanomaterials (Heilbronn, Germany). To avoid severe oxidation, all operations with nano-Ni and nano-Cu were . The calorimetric measurements using the metal nanopowders were carried out similar to our previous thermodynamic investigations of nanoCo additions to liquid SAC387 alloys. 19 the Ni and Cu nanoparticles were rst packed into a SAC387 foil. The employed foil was produced from the same ingot using a foil rolling mill; it had a thickness of about 50 mm. The sample holders of the auto sampling device were loaded with nanopowder samples inside the glovebox and closed in a box, which was only taken out just before the measurement to be transported to the calorimeter. The calorimetric measurements with the packed nanoparticles were started with ve drops of SAC387 foil pieces in order to determine and, subsequently, subtract the heat effect of the SAC387 foil from the obtained measured enthalpy. A few measurements with bulk Cu and Ni, packed into the SAC387 foil, were also carried out to prove the accuracy of this procedure.
Various factors must be considered when estimating the random and systematic errors in the measurements, i.e. the calorimeter construction, measuring method, calibration procedure, signal integration and "chemical errors". Uncertainties of the enthalpy values given in Tables 1-6 were estimated based on the propagation of errors, taking also into account the standard deviation of the calorimeter constant s(k) which was evaluated by ve drops of alumina for each run. The uncertainty of the partial enthalpy of mixing for each drop was calculated based on the uncertainties of peak areas of each drop, A i , of the amount of added component, n i , and s(k); the error of the integrated enthalpy of mixing was taken summarizing the errors of the single drops throughout the nal composition. A similar procedure of calculation of the uncertainties of the enthalpy values was employed previously in ref. 44 and 45. The phase composition and the microstructure of the samples were examined aer the calorimetric measurements by powder X-ray diffraction (XRD; Bruker D8 Advance X-ray diffractometer) and scanning electron microscopy (SEM; Zeiss Supra 55 ESEM). The XRD analysis was carried out at ambient temperature using Ni-ltered Cu Ka radiation (accelerating voltage 40 kV, electron current 40 mA). The nanopowders were xed onto the sample holder using pre-dried petroleum jelly in the Ar-lled glovebox. Rietveld renement of XRD patterns was performed with the Topas 3 soware provided by Bruker AXS. (5)- (7) and (9) and parameters of Table 8 .
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The energy-dispersive X-ray (EDX) detector signal for SEM analysis was calibrated using pure elements as standard materials and Co for the energy calibration. The Ni and Cu nanoparticles were characterized by XRD analysis (XRD; Bruker D8 Advance X-ray diffractometer) and transmission electron microscopy (TEM; analytical TECNAI F20 eld emission TEM). A silicon single crystal sample holder with a matching polymer (polycarbonate) cap was used in order to avoid a possible oxidation of NPs. The EDX mapping of NPs was performed with an energy-dispersive X-ray detector (EDAX TEAM Apollo XLTW SDD).
The surface area of the nanopowders was estimated using the BET technique, whereby N 2 adsorption-desorption isotherms of the nanopowders were analyzed using a TriStar II 3020 instrument (Micromeritics). This method is based on a theory developed by S. Brunauer, P. Emmett and E. Teller 46 where the name of the theory was taken from the rst letter of each author's surnames. According to this method, the surface area of a known mass of a sample was determined by monitoring the mass change by adsorption of nitrogen over time, which is widely used due to its availability in high purity and its strong interaction with most solids. The data collected during the measurement are shown in the form of a BET isotherm, which plots the quantity of gas adsorbed as a function of the relative pressure.
Conclusions
The presented experimental results show clearly that an extra exothermic heat effect (nano-heat effect) is observed when bulk pieces are replaced by nano-particles in drop calorimetric measurements. First of all, this is due to the loss of the large surface area of the nano-particles upon their dissolution. However, when the nano-particles are covered with a surface oxide shell, resulting in an exothermic chemical reaction with the solvent (a liquid alloy in the present case), the measured nano-effect can become even more exothermic, especially if the reaction enthalpy is strongly negative. This effect has been examined here on the example of the core/shell Cu/Cu 2 O and Ni/NiO nano-particles dropped into Sn-rich liquid alloys.
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